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Abstract 
Surface-roughness and free-stream-turbulence effects on crossflow-instability transition are investigated experimentally and 
theoretically.  A model baseflow is established and shown to be well predicted by boundary-layer analysis.  Surface roughness is 
systematically introduced, with a factor-of-50 variation in r.m.s. levels.  Free-stream turbulence levels are varied using grids 
across the test section, providing roughly a factor-of-10 variation in the turbulence intensity.  For low turbulence levels, the 
transition is dominated by stationary crossflow instabilities.  As the free-stream turbulence is increased, the traveling crossflow 
instabilities become increasingly relevant.  For higher-turbulence and lower-roughness levels the transition appears to be 
dominated by the traveling crossflow instabilities.  The results are linked to a variable N-factor method, which is shown to 
provide a good basis for estimating the transition location for low turbulence levels.  The variable N-factor method is used to 
interpret the results and infer causality between roughness, turbulence and transition. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The laminar-turbulent transition in boundary layers is known to be influenced by environmental factors such as 
free-stream turbulence, acoustics, and various surface irregularities.  When the levels of these environmental 
influences are not excessively large, the transition process is well characterized by the “natural” transition sequence, 
including: receptivity, linear disturbance growth, and nonlinear breakdown.  Our understanding of these distinct 
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stages of transition has improved significantly over the past few decades, but the impact on transition predictions has 
been limited.  Improved physical modeling for transition prediction is encumbered by unknown environmental 
inputs, and by increased cost and complexity of higher-fidelity calculations.  For example, in many instances the 
uncertainties in inputs would overpower any potential accuracy improvement from modeling the nonlinear physics. 
 
Some of the sensitivity to initial conditions can be removed by neglecting the detailed nonlinear physics, in favor 
of empirical correlations based on linear amplitudes.  If transition can be linked to a fixed (linear) threshold 
amplitude, the transition location can be predicted by estimating the initial receptivity amplitudes and calculating the 
linear-growth n-factors.  If the initial receptivity spectrum is uniform, the linear-amplitude method can be further 
simplified to a variable N-factor method, where the environmental input is characterized by an integral quantity 
(such as r.m.s.) that is linked to the value of N for transition onset1.  This variable N-factor approach provides a 
means for interpreting experimental results inline with the “natural” transition process (i.e. to infer causality 
between environmental disturbances and transition). 
 
For crossflow-instability transition, the natural transition process is most strongly influenced by surface 
roughness and free-stream turbulence.  For low-turbulence environments, transition is dominated by roughness-
induced stationary crossflow instabilities as demonstrated by the experiments of Radeztsky et al. 2.  For “moderate”-
turbulence levels, both roughness (via stationary crossflow instabilities) and turbulence (via travelling crossflow 
instabilities) play a role in the transition process as shown in the experiments of Deyhle & Bippes3.  Meanwhile, for 
a fixed level of turbulence, the experiments of Takagi & Itoh4 show that the importance of traveling crossflow 
instabilities increases with a reduction in the roughness level. 
 
In low-disturbance environments, the variable N-factor method linking crossflow-instability transition to surface 
roughness has been shown to effectively predict transition for roughness-level variation over two orders of 
magnitude1.  At very high-levels of turbulence, the transition is expected to be dominated by traveling crossflow 
instabilities.  Meanwhile, at intermediate-levels of turbulence the transition remains dominated by stationary modes, 
which can be stabilized by traveling modes excited by the turbulence.  This stabilizing effect due to traveling modes 
was observed in experiments of Deyhle & Bippes3, and also shown theoretically in the nonlinear-PSE analysis of 
Bertolotti5.  These works raise questions about the turbulence threshold levels and the fundamental physics of 
transition under the combined influence of roughness and turbulence. 
 
In this paper, we consider an experimental investigation of crossflow-instability transition in the presence of 
prescribed surface roughness and elevated free-stream turbulence.  The variable N-factor method is used to help 
interpret the results and to link the findings to potential prediction methods. 
2. Baseflow and external disturbances 
The experiments are conducted on two swept flat plates (with either F= 25o or 35o leading-edge sweep) in the T-
324 low-speed wind tunnel at ITAM.  The tunnel has a 1m x 1m x 4m test section, and the flat-plate models used in 
the experiments are 1m wide and 2m long. The surface pressure distribution, created by means of a wall bump, is 
designed to yield only crossflow instabilities. The free-stream speed U0 varies from about 9 m/s to about 23 m/s, as 
the chord Reynolds number changes from 0.66 to 1.7 million. Figure 1 shows a schematic of the experimental setup 
for the F=25o swept-wing model. 
 
A baseflow is established, which positions the attachment line on the plate upper surface to model the potential 
roles of turbulence on a wing.  Details of the baseflow are documented, and are in good agreement with boundary-
layer calculations that are used for a stability analysis of the flow.  The boundary-layer profiles and disturbances are 
measured using a hotwire connected to a constant-temperature anemometer. Figure 2 shows a comparison between 
the measured and calculated crossflow profiles at different chordwise positions along the plate.  The profiles are in 
good agreement, resulting in comparable crossflow-instability growth rates.  Calculated linear-amplification curves 
(n-factors) are given in figure 3 for both stationary and traveling modes at three different free-stream velocities.  
Here we designate the value of the n at transition by N, and we use the subscripts SCF and TCF to distinguish 
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stationary and traveling modes, respectively. At typical transition locations, the difference between the traveling-
wave N-factor NTCF and the stationary-mode N-factor NSCF is given by 'NTCF=NTCF-NSCF ~ 2. 
 
For the natural-roughness surface R0, the receptivity location is taken to be at the neutral point (x’I) of the 
crossflow disturbance6 which has the highest n-factor at the transition location.  The coordinates x’ and Xc are 
aligned streamwise, perpendicular to the leading edge and parallel to the tunnel walls, respectively.  The neutral 
point is a function of the tunnel free-stream velocity U0, and can be significantly upstream of x’=130 mm. The 
spanwise roughness profile scans are conducted at several chordwise locations, including x’I.  The roughness level is 
defined by hrms≡ S (0.1-1), the r.m.s. value filtered between β =0.1 and β =1.  This roughness measure is deemed the 
most appropriate, as it does not significantly depend on the raw data processing method, and it contains the range of 
the wavenumbers that is important for crossflow-instability transition.  The natural-roughness levels measured in 
this test are in the range hrms=0.5-2.8μm. 
 
Along with the natural roughness R0, five controlled-roughness surfaces (R2, R3, R4, R6, R6’) are also tested. 
Roughness R2 and R3 have practically the same hrms magnitude, but  the individual  roughness heights  and the 
mean distance between them  are  on average somewhat  larger for R3, which means that the detailed roughness 
spectra for R2 and R3 are different. The controlled-roughness surfaces, which extend from   x’=130 mm to x’ =230 
mm, consist of a glue substance made of PVA emulsion and water. Detailed measurements of the controlled 
roughness profiles are conducted at x’=130 mm, which is taken to be the dominant receptivity location to initiate the 
initial amplitude of a crossflow disturbance.  A typical variation of the spectral density Sr with the wavenumbers β 
for the controlled roughness is illustrated in Figure 4. The controlled-roughness profile has a smooth continuous 
wavenumber spectra, including the dominate crossflow modes, around β = 0.4 to 0.6. The controlled-roughness 
values ranged from hrms=9Pm to hrms=50Pm.  
 
To investigate the influence of free-stream turbulence, four grids (G9, G5, G1, G4) are used to elevate the 
turbulence level beyond the clean-tunnel background level (G0). Figure 4 illustrates typical frequency spectra of the 
freestream turbulence measured at x’=130 for the various grids. The integration of the spectra yields the r.m.s. 
intensity of the freestream velocity fluctuations, here defined by H=sqrt(u’2)/U0 over the range (2 Hz – 2 kHz). The 
grids produce significant energy in the frequency range between 10 to 3000 Hz. The background spectrum (G0) is 
relatively  weaker, except for the very low frequencies below 10 Hz. Transition measurements are documented for 
four wind-tunnel fan speeds (:=120, :=160, :=200 and :=240 rpm). Different grids have different aerodynamic 
resistance and, hence, provide different values of the free-stream speed at the same fan speed :. The turbulence 
levels presented in this paper are for those that neither modified the base flow nor led to bypass transition. The 
background turbulence level increases linearly from 0.12% to 0.29%, as U0 increases from 9 to 23 m/s. The 
enhanced turbulence levels are in the range 0.3% to 1.1%, depending on U0 and the type of grid used.  In addition to 
the elevated turbulence levels, an unavoidable byproduct of using grids is the introduction of steady vortices in the 
free stream.  These vortices can also play a role in the transition process, and thus they cloud some of the turbulence 
effects that are being investigated. 
3. Results 
For each condition of interest, the transition location is determined by the appearance of the high-frequency 
secondary instability.  The pre-transition amplitudes of the stationary- and traveling crossflow modes are measured 
for the different levels of roughness and turbulence. 
 
Figure 5a shows the variation of the measured (nonlinear) stationary crossflow amplitude prior to transition for 
different levels of surface roughness.  The same data is plotted against the turbulence intensity in figure 5b.  For the 
low-turbulence-level cases, the stationary crossflow amplitude is close to 30% of U0 just prior to transition – 
independent of the roughness level.  For the moderate turbulence levels, the stationary amplitude at transition is 
significantly lower – and dependent on the roughness level.  At the low-end of the roughness levels, the stationary-
mode amplitude is very small – suggesting it does not play a role in transition.  The reduction in stationary 
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amplitude at transition for increased turbulence levels might be attributed to reduced growth rates (delayed 
transition) or to the forward movement of transition reducing the extent of growth (accelerated transition). 
 
Figures 6a and 6b show the variation of the measured (nonlinear) traveling crossflow amplitude prior to transition 
as a function of roughness and turbulence, respectively.  For low-turbulence levels, the traveling modes are of low 
amplitude for all roughness levels.  The traveling-mode amplitudes are higher for higher turbulence levels, but do 
not vary significantly with the turbulence value above H=0.3%.  A combined crossflow amplitude is plotted in figure 
7, defined by ACCF =ASCF + K ATCF (where K converts the r.m.s. value to a peak amplitude, e.g. K~1.4 for a simple 
wave).  This combined amplitude has nearly a constant value at transition – independent of both the roughness and 
turbulence levels.  This suggests that the reduction of pre-transition stationary-mode amplitude is a result of elevated 
traveling crossflow amplitudes, which combine to produce the necessary velocity profiles to trigger high-frequency 
secondary instabilities. 
 
Figure 8 shows the transition N-factors (linear growth) for stationary crossflow instabilities as a function of 
roughness level.  Five data sets are shown – corresponding to different free-stream turbulence levels in the current 
experiments – and the line shows the variable N-factor variation from Crouch & Ng1, which is also in good 
agreement with the experiments of Radeztsky et al. 2.   For the low-turbulence levels G0, the transition N-factor NSCF 
varies as the log of the nondimensional roughness level, which is consistent with a linear receptivity mechanism.  
For high-turbulence levels, NSCF is nearly uniform except for the highest roughness magnitudes, suggesting the 
dominant role of traveling crossflow modes.  For the highest roughness magnitudes, the value of NSCF shows some 
dependence on hrms even for moderate turbulence levels. 
 
Figure 9 shows the transition N-factors (linear growth) for traveling crossflow instabilities as a function of the 
turbulence level.  The four data sets shown all correspond to grid-generated increased turbulence conditions.  Figure 
9a shows the data for all measured roughness levels.  While there appears to be a weak dependence on H, the data 
forms a nearly uniform cloud of points.  Figure 9b shows a subset of the points from 9a, where the surface 
roughness is very small (hrms/G* < 0.005).  For the low-levels of roughness, the traveling crossflow N-factor shows a 
stronger correlation with the turbulence level.  This suggests that the traveling modes are playing a dominant role in 
the transition process.  The N-factor variation with H is consistent with a linear receptivity mechanism linking the 
free-stream turbulence H to an initial traveling crossflow amplitude ATCF0.  Note that the results of figure 9 could be 
biased by the influence of very-weak stationary vortices – also created by the turbulence grids.  The experiments 
show that these vortices have an influence on the transition when their spanwise wavenumbers match the amplified 
stationary crossflow modes. 
4. Conclusions 
For low turbulence levels, transition is dominated by stationary crossflow instabilities, and is well modeled by a 
variable N-factor, NSCF(hrms).  For moderate turbulence levels, and low levels of roughness (hrms/G* < 0.005), the 
results suggest that traveling crossflow instabilities play a dominant role in the transition process.  For these 
conditions, a traveling-wave variable N-factor NTCF(H) provides a reasonable correlation.  For moderate turbulence 
levels and high roughness levels, the transition shows a coupled dependence on both stationary and traveling modes.  
The combination of stationary- and traveling-mode amplitudes measured just prior to transition is nearly constant 
for all cases considered.  For conditions of moderate turbulence levels and high roughness magnitudes, some form 
of combined N-factor is needed to capture the complex dependence on both roughness and turbulence.  The 
boundary between “low” turbulence and “moderate” turbulence depends on the relative amplification of traveling 
and stationary crossflow instabilities 'NTFC.  For the current study, with 'NTFC~2, the low-turbulence correlation 
holds to H ~ 0.3%. 
 
Experiments supported by The Boeing Company and the Russian Foundation for Basic Research (14-01-00025). 
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Fig. 1. Schematic of wind-tunnel model setup.. 
 
            
 
Fig. 2. Crossflow velocity profiles at Xc=200, 400, 600, 800mm 
(lines: calculations, symbols: measurement). 
 Fig. 3. Stationary- (solid) and traveling- (dash) crossflow n-factors 
for C0=9, 15, 23m/s and F=35o.
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Fig. 4. Spectral amplitudes for the roughness (left plot) and the free-stream turbulence (right plot), with red arrow showing values for the 
dominant crossflow modes. 
 
 
Fig. 5. Variation of stationary crossflow amplitude at transition with (a) normalized roughness and (b) free-stream turbulence. 
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Fig. 6. Variation of traveling crossflow amplitude at transition with (a) normalized roughness and (b) free-stream turbulence. 
 
  
Fig. 7. Variation of the combined crossflow amplitude at transition with (a) normalized roughness and (b) free-stream turbulence. 
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Fig. 8. Variation of stationary crossflow transition N-factor with normalized roughness.  Results for 5 different free-stream turbulence levels, 
along with data points from Radeztsky et al.2 and the variable N-factor line of Crouch & Ng1. 
(a)        (b)  
Fig. 9. Variation of traveling crossflow transition N-factor with turbulence level.  Results for (a) all roughness levels, and (b) for normalized 
roughness levels below 0.005.  
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